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Introduction {#sec1}
============

Mitochondria are essential for the viability of eukaryotic cells. They are crucial for numerous cellular functions, including oxidative phosphorylation, metabolism of amino acids and lipids, biosynthesis of heme and iron-sulfur (Fe/S) clusters, and programmed cell death ([@bib31]). Mitochondria are extensively connected with other cellular compartments. This includes the transport of numerous metabolites and ions between cytosol and mitochondria, the import of precursor proteins from the cytosol, the formation of contact sites with the endoplasmic reticulum (ER) and additional organelles, as well as the interaction of mitochondria with the cytoskeleton ([@bib10], [@bib17], [@bib21], [@bib29], [@bib55]).

Initial proteomic studies led to the identification of a considerable portion of the mitochondrial proteome ([@bib26], [@bib32], [@bib37], [@bib38], [@bib47], [@bib51]). This led to a boost of studies on mitochondrial functions under physiological and pathophysiological conditions, including the identification and functional characterization of further mitochondrial protein import pathways, of machineries required for maintaining mitochondrial membrane architecture, of proteins involved in the biosynthesis of Fe/S clusters, and of enzymes required for lipid biosynthesis ([@bib25], [@bib29], [@bib52], [@bib55]). The effective combination of genetic, cell biological, and biochemical methods in the yeast *Saccharomyces cerevisiae* provided powerful approaches for analyzing protein functions in vivo and in vitro. Further studies expanded the mitochondrial proteome of both yeast and mammals ([@bib15], [@bib27], [@bib33], [@bib40], [@bib41], [@bib42], [@bib49]). In addition to direct proteomic studies of purified mitochondria (mentioned above) and mitochondrial subcompartments ([@bib14], [@bib43], [@bib54], [@bib59]), data mining, prediction programs for protein targeting, and literature entries were used to construct databases. Furthermore, numerous proteins were assigned to the mitochondrial compartment by genome-wide high-throughput localization studies using fluorescent tags ([@bib20], [@bib13], [@bib48], [@bib57]).

However, our knowledge about the mitochondrial proteome is far from being complete and the validity of mitochondrial entries in the widely used databases vary considerably for several reasons. (1) The high sensitivity of mass spectrometry (MS)-based approaches leads to the identification of even minor contaminations of organelle preparations, and thus the numerous lists of identified proteins contain a mixture of authentic mitochondrial proteins, loosely attached proteins, and contaminants. (2) High-throughput tagging studies yield important information about the global distribution of proteins but can lead to a misassignment of individual proteins to cellular compartments when they are not combined with single-protein analysis. (3) Prediction programs of protein targeting to distinct cell organelles and literature mining can provide important information, yet their use for databases without validating individual entries by experimental approaches can be misleading.

We developed an integrative experimental approach for organelle proteomics, generating a comprehensive proteome of mitochondria and associated fractions of baker's yeast. We combined high-sensitivity MS with quantitative analysis of protein abundance under different growth conditions, enrichment of proteins in distinct fractions, and subcellular classification of mitochondria-associated fractions. Many identified mitochondrial proteins were subjected to single-protein studies for in organello protein transport, interaction analysis, and subcellular and submitochondrial fractionation to define their localization and functional context, revealing partner proteins of key mitochondrial processes in respiration, quality control, and membrane architecture.

Results {#sec2}
=======

Experimental Approaches toward a Comprehensive Mitochondrial Proteome {#sec2.1}
---------------------------------------------------------------------

To systematically explore the proteome of yeast mitochondria, we combined subcellular fractionation and biochemical methods with high-resolution proteomics and quantitative MS techniques ([Figure 1](#fig1){ref-type="fig"}A). We prepared highly purified mitochondria. The abundance of marker proteins was assessed by immunoblotting and MS ([Figure 1](#fig1){ref-type="fig"}B; [Tables S1](#mmc2){ref-type="supplementary-material"} and [S2](#mmc3){ref-type="supplementary-material"}A). The purified mitochondria were virtually devoid of cytosolic and peroxisomal components, but still contained a fraction of ER proteins ([Figure 1](#fig1){ref-type="fig"}B, lanes 4 and 8). [Figure 1](#fig1){ref-type="fig"}C summarizes our multifaceted functional proteomic strategy. (1) Crude and purified mitochondria prepared from stable isotope labeling by amino acids in cell culture (SILAC)-yeast cells were analyzed by quantitative MS using a multi-protease digestion and orthogonal separation approach ([Figures 1](#fig1){ref-type="fig"}C and [S1](#mmc1){ref-type="supplementary-material"}A). (2) Yeast cells grown under three different conditions were analyzed by MS to define an absolute quantitative blueprint of the mitochondrial proteome ([Figures 1](#fig1){ref-type="fig"}C and [S1](#mmc1){ref-type="supplementary-material"}B). (3) We established the mitochondrial localization of identified and poorly characterized mitochondrial candidate proteins by subcellular protein profiling in a dual approach comprising label-free quantitative MS and epitope tagging combined with immunoblotting or microscopy ([Figure 1](#fig1){ref-type="fig"}C). (4) We studied submitochondrial protein localization using a gel-enhanced MS-based proteome profiling approach ([Figure S1](#mmc1){ref-type="supplementary-material"}C) and mitochondrial import assays with radiolabeled precursor proteins ([Figure 1](#fig1){ref-type="fig"}C). (5) We delineated the functional protein interaction networks of identified mitochondrial proteins by SILAC-based quantitative affinity purification-MS (q-AP-MS) ([Figure 1](#fig1){ref-type="fig"}C). Altogether, we collected data of 913 liquid chromatography-tandem mass spectrometry (LC-MS/MS) runs with a total measurement time of 72 days. Overviews of the functional classification of the high-confidence mitochondrial proteome (901 proteins) and of the 201 mitochondrial proteins identified/verified in this study are shown in [Figures 1](#fig1){ref-type="fig"}D and 1E (see also [Tables S3](#mmc4){ref-type="supplementary-material"} and [S4](#mmc1){ref-type="supplementary-material"}).Figure 1Multi-dimensional MS Approach for Global Profiling and In-Depth Characterization of the Mitochondrial Proteome of *S. cerevisiae*(A) Outline of experimental strategy. Total, cell lysate; PMS, post-mitochondrial supernatant; Mito, mitochondria; pMito, gradient-purified mitochondria.(B) Western blot (lanes 1--4) and MS data (lanes 5--8) for selected subcellular marker proteins. Error bars indicate SEM for n ≥ 3 and the range for n = 2.(C) Overview of experimental approaches followed to define and characterize mitochondrial proteins.(D) Overview of the functional classification of the high-confidence mitochondrial proteome. Relative protein quantification was based on the analysis of gradient-purified mitochondria from cells grown on glycerol.(E) Overview of the functional classification of mitochondrial proteins identified or verified in this study.See also [Figure S1](#mmc1){ref-type="supplementary-material"} and [Tables S2](#mmc3){ref-type="supplementary-material"}A, [S3](#mmc4){ref-type="supplementary-material"}, and [S4](#mmc1){ref-type="supplementary-material"}.

Classification of Mitochondria and Mitochondria-Associated Fractions {#sec2.2}
--------------------------------------------------------------------

Our MS-based proteome profiling of crude and highly purified yeast mitochondria resulted in the identification of 3,512 proteins (SD, ±10) on average per biological replicate (n = 4), of which 1,024 (SD, ±1.4) were annotated as mitochondrial proteins in the *Saccharomyces* Genome Database (SGD) ([@bib6]) ([Figure S2](#mmc1){ref-type="supplementary-material"}A; [Tables S2](#mmc3){ref-type="supplementary-material"}B and S2C). To obtain a high coverage of protein sequences by identified peptides, we used five different proteases, leading to a 1.6-fold average increase of sequence coverage (1.5-fold for mitochondrial proteins) in comparison to the use of trypsin alone ([Figure S2](#mmc1){ref-type="supplementary-material"}B; [Table S2](#mmc3){ref-type="supplementary-material"}B; exemplified with the TIM23 presequence translocase of the inner membrane, [Figure S2](#mmc1){ref-type="supplementary-material"}C). The overall sequence coverage for proteins with mitochondrial annotation was 64% compared to 45% for all identified proteins. Mitochondrial annotation of proteins in the SGD includes a broad range of approaches from detailed single-protein localization and functional studies to high-throughput analyses and putative mitochondrial assignments. To obtain a reference set of mitochondrial proteins, we used 583 mitochondrial proteins, for which a submitochondrial localization was reported in SGD (pointing toward single-protein studies); 520 proteins were assigned to a single submitochondrial compartment. We identified 98% of these reference set proteins ([Figure 2](#fig2){ref-type="fig"}A), indicating a high coverage of well-established mitochondrial proteins by our MS analysis.Figure 2Quantitative Deep Proteome Analysis of Yeast Mitochondria by SILAC-MS(A) Coverage of proteins of distinct submitochondrial localization. Proteins identified in pure/crude mitochondria were categorized as outer membrane (OM), intermembrane space (IMS), inner membrane (IM), or matrix protein based on GO annotations. Shown is the number of proteins assigned to a given term and (in parentheses) the total number of proteins with this annotation. Mito, sum of all proteins in OM, IMS, IM, and matrix.(B) Protein composition of crude versus gradient-purified mitochondria. Shown are mean percentages of intensity-based absolute quantification (iBAQ) values (n = 4). Loc., localized; PM, plasma membrane; SGD, *Saccharomyces* Genome Database.(C) Ratio-intensity plots of quantified proteins (n = 4). Proteins exclusively localized to mitochondria (left), to mitochondria and other organelles (middle), and selected proteins with multiple subcellular localization (right) are highlighted.(D) Distribution of proteins grouped into distinct classes by statistical data analysis (left panel) and selected GO cellular component terms significantly enriched in each class (right panel) with the number of proteins assigned. Cyto. ribo., cytosolic ribosome; Cytosk., cytoskeleton; Nucl. chr./lum., nuclear chromosome/lumen.(E and F) Ratio-intensity plots as shown in (D) highlighting mitochondrial subcompartment annotations (E) and subunits of the TOM, TIM23-PAM, MICOS, and ERMES complex as well as mitochondrial ribosomal proteins and proteins involved in mitochondrial dynamics (F). Coloring reflects the class a protein was assigned to.See also [Figure S2](#mmc1){ref-type="supplementary-material"} and [Tables S1](#mmc2){ref-type="supplementary-material"}, [S2](#mmc3){ref-type="supplementary-material"}A, and [S5](#mmc5){ref-type="supplementary-material"}A.

With a number of 3,539 proteins identified in total across all replicates (based on 125,648 identified peptide sequences), this analysis considerably exceeds previous studies on the yeast mitochondrial proteome ([Figures S2](#mmc1){ref-type="supplementary-material"}D and S2E; [Tables S1](#mmc2){ref-type="supplementary-material"} and [S2](#mmc3){ref-type="supplementary-material"}B) ([@bib32], [@bib38], [@bib41], [@bib54], [@bib59]); however, due to the high sensitivity of MS, a large number of non-mitochondrial proteins were also identified. We thus searched for criteria to distinguish the core mitochondrial proteome from associated and contaminating proteins. Non-mitochondrial proteins were markedly decreased in abundance, but not in number of identified proteins, in purified mitochondria in comparison with crude mitochondria ([Figure 2](#fig2){ref-type="fig"}B; [Tables S1](#mmc2){ref-type="supplementary-material"} and [S2](#mmc3){ref-type="supplementary-material"}B). For relative quantification, we calculated SILAC ratios of 3,453 proteins and established ratio-intensity plots of 3,365 proteins reliably quantified in all four biological replicates ([Figures 2](#fig2){ref-type="fig"}C, [S2](#mmc1){ref-type="supplementary-material"}F, and S2G; [Table S2](#mmc3){ref-type="supplementary-material"}B). Proteins with an exclusive mitochondrial localization exhibited a narrow distribution centered at a median log~2~ SILAC ratio of purified to crude mitochondria of 0.3 ([Figures 2](#fig2){ref-type="fig"}C, left plot, and [S2](#mmc1){ref-type="supplementary-material"}H), whereas mitochondrial proteins with dual or multiple localizations ([@bib58]) displayed a broader distribution ([Figure 2](#fig2){ref-type="fig"}C, middle and right plots). Using a statistical approach, we classified proteins based on their mean log~2~ ratios, leading to a subdivision of the large dataset into four distinct classes ([Figures 2](#fig2){ref-type="fig"}D and [S2](#mmc1){ref-type="supplementary-material"}H; [Table S2](#mmc3){ref-type="supplementary-material"}B). All four classes contained mitochondrial proteins, but to a considerably different extent. Using gene ontology (GO) enrichment analysis (SGD), class 1 (864 proteins) contained a strong enrichment of the term mitochondrion including all four submitochondrial compartments, whereas this term was underrepresented in classes 2--4 ([Table S5](#mmc5){ref-type="supplementary-material"}A). Class 2 features a set of nuclear proteins (105), whereas a larger population of nuclear proteins (784) are part of class 3 along with proteins of various subcellular compartments including the ER, Golgi, and the plasma membrane. GO enrichment analysis for class 4 showed that purified mitochondrial fractions are mostly devoid of vacuolar and cytosolic proteins including cytosolic ribosomes ([Figure 2](#fig2){ref-type="fig"}D; see also [Figures 1](#fig1){ref-type="fig"}B and [2](#fig2){ref-type="fig"}B).

The proteins of the mitochondrial reference set with a defined submitochondrial localization were preferentially found in class 1 and to a lesser degree in class 3 ([Figure 2](#fig2){ref-type="fig"}E). As an example, the subunits of the TIM23 complex and the presequence translocase-associated motor (PAM), the mitochondrial contact site and cristae organizing system (MICOS), and the mitochondrial ribosome featured highly consistent mean log~2~ ratios centered at 0.3 within class 1 ([Figure 2](#fig2){ref-type="fig"}F). The translocase of the outer membrane (TOM) equally qualified for class 1 but is slightly shifted to lower mean log~2~ ratios compared to TIM23-PAM, MICOS, and the mitochondrial ribosome. The ER-mitochondria encounter structure (ERMES) revealed a remarkable separation with three subunits present in class 1 and two in class 3. This dual distribution is consistent with data from previous work showing that Mdm10, Mdm34, and Gem1 are anchored in the mitochondrial outer membrane, whereas Mmm1 localizes to the ER membrane and Mdm12 is bridging Mmm1 and Mdm34/Mdm10 at the cytosolic side ([@bib11], [@bib18]). Various proteins controlling mitochondrial fusion and fission were also present in class 1, albeit with a broader distribution ([Figure 2](#fig2){ref-type="fig"}F). Dnm1 was considerably depleted in highly purified mitochondria in agreement with its distribution between cytosol and mitochondria ([@bib21]).

For the definition of a high-confidence mitochondrial proteome, we applied stringent criteria and included the following: class 1 proteins with a sequence coverage of \> 20% (SD, \< 0.75; [Figure S2](#mmc1){ref-type="supplementary-material"}I); experimentally validated mitochondrial proteins via import of radiolabeled precursors into mitochondria, subcellular fractionation, or fluorescence microscopy; manually curated mitochondrial proteins from single-protein studies; and proteins of dual localization, for which a presence in the mitochondrial proteome was demonstrated by experimental analysis/manual curation as outlined below. In total, this stringent mitochondrial proteome contains 901 proteins ([Figure 1](#fig1){ref-type="fig"}D; [Tables S1](#mmc2){ref-type="supplementary-material"} and [S3](#mmc2){ref-type="supplementary-material"}).

Assessment of Copy Numbers of Mitochondrial Proteins {#sec2.3}
----------------------------------------------------

At present, there is no consistent picture about the absolute copy numbers of mitochondrial and mitochondria-associated proteins. Several studies using glucose-grown yeast cells reported different cellular copy numbers for the same proteins ([Tables S1](#mmc2){ref-type="supplementary-material"} and [S2](#mmc3){ref-type="supplementary-material"}D) ([@bib7], [@bib12], [@bib19]). To obtain a quantitative understanding of the mitochondrial proteome and its changes under different growth conditions, we grew yeast cells on fermentable (glucose), alternative sugar (galactose), and non-fermentable (glycerol) carbon sources. For each condition, we analyzed biological triplicates using triple-SILAC labeling and high-pH reversed-phase peptide fractionation for proteome-wide quantification by MS. The calculated SILAC ratios of more than 4,000 proteins were reproducible between biological replicates and carbon sources with Pearson correlation coefficients between 0.78 and 0.9 ([Figure S3](#mmc1){ref-type="supplementary-material"}A; [Table S2](#mmc3){ref-type="supplementary-material"}E). We extracted MS intensities and used the proteomic ruler method ([@bib56]) to estimate copy numbers. Altogether, we report 12,111 copy numbers for 4,039 yeast proteins and thus significantly expand absolute quantitative information on yeast proteins ([Figure S3](#mmc1){ref-type="supplementary-material"}B; [Table S2](#mmc3){ref-type="supplementary-material"}D). A comparison of our glucose-specific copy number data with reported copy numbers showed the best correlation with the MS approach of [@bib19], whereas the correlation was lower with quantification data obtained by single-cell imaging ([@bib7]) or a tagging approach ([@bib12]). Our analysis was not biased against low abundant proteins. For both non-mitochondrial and mitochondrial proteins, we observed a large dynamic range of up to six orders of magnitude, varying from proteins with less than 10 to more than 1,000,000 copies per cell ([Figure S3](#mmc1){ref-type="supplementary-material"}C). The majority of proteins (∼70%) were present in the range of 100 to 10,000 copies per cell, whereas approximately the same number of proteins exhibit copy numbers below or above the main distribution. A total of 1,576 proteins exhibited a significant change in abundance (ANOVA, p value ≥ 0.05, n = 3) in yeast grown on galactose or glycerol in relation to glucose and were grouped to 14 clusters by k-means clustering ([Figure S3](#mmc1){ref-type="supplementary-material"}D; [Table S2](#mmc3){ref-type="supplementary-material"}D). We revealed a significant overrepresentation of mitochondrial terms in all three GO domains for proteins in cluster C02--C06 that were considerably more abundant in galactose- and glycerol-grown yeast ([Figure S3](#mmc1){ref-type="supplementary-material"}E; [Tables S5](#mmc5){ref-type="supplementary-material"}B--S5D). We independently corroborated carbon source-dependent effects on the expression levels of mitochondrial proteins by direct comparison of immunoblotting data using antibodies specifically directed against mitochondrial proteins and global MS-based copy number estimation ([Figure S3](#mmc1){ref-type="supplementary-material"}F; [Table S2](#mmc3){ref-type="supplementary-material"}F).

Our analysis leads to a three-carbon source-specific absolute quantitative blueprint of the yeast mitochondrial proteome ([Figures 3](#fig3){ref-type="fig"}A and [S3](#mmc1){ref-type="supplementary-material"}G; [Tables S1](#mmc2){ref-type="supplementary-material"} and [S2](#mmc3){ref-type="supplementary-material"}D); representative examples are shown in [Figure 3](#fig3){ref-type="fig"}B. The protein import machineries of the outer membrane (TOM, SAM), inner membrane (TIM23-PAM, TIM22), and intermembrane space (mitochondrial disulfide relay system Mia40-Erv1) ([@bib29], [@bib55]) constitute a rather static part of the mitochondrial proteome. The TOM complex exhibited a high abundance, highlighting its role as main protein entry gate. Mitochondrial proteins with functions in Fe/S cluster biogenesis and iron homeostasis ([@bib25]) were mostly low abundant and constant in expression, consistent with these functions being essential and steady functions of mitochondria under all conditions ([Figures 3](#fig3){ref-type="fig"}B and [S3](#mmc1){ref-type="supplementary-material"}G). The carbon source-dependent (dynamic) part of the mitochondrial proteome largely consists of the highly abundant oxidative phosphorylation protein network (respiratory complexes II--IV, ATP synthase, and proteins of the tricarboxylic acid \[TCA\] cycle) ([@bib28], [@bib32], [@bib35]); the metabolite channel Por1/VDAC and its interaction partners OM14 and OM45 ([@bib23]), which are the most abundant proteins in the outer membrane ([@bib59]); and the highly abundant carrier proteins of the inner membrane such as the phosphate carrier Mir1 and the adenine nucleotide translocators Pet9 and Aac1 ([@bib34]). Por2, the paralog of Por1, was found to be five orders of magnitude lower expressed than Por1, and expression of Pic2 was two orders of magnitude lower than Mir1, to which it is functionally redundant. Mitochondrial ribosomes were of medium abundance yet showed a growth condition-dependent expression as expected ([Figure S3](#mmc1){ref-type="supplementary-material"}G). The MICOS complex also exhibited a carbon source-dependent expression pattern in agreement with its dynamic role in the maintenance of inner membrane architecture ([@bib52]).Figure 3Proteome-wide Absolute Quantification of Carbon Source-Dependent Protein Expression(A) Overview of the functional classification of 661 high-confidence class 1 mitochondrial proteins according to copy numbers per cell determined for three different carbon sources. The areas of the pie charts (ii), (iii), and (iv) are directly proportional to the determined copy numbers of the mitochondrial proteins.(B) Proteins of selected mitochondrial complexes, functions, or pathways and their carbon source-dependent copy numbers per cell. Colors indicate absolute mean copy numbers per cell and carbon source (n = 3). Asterisks, low sequence coverage or low quantification accuracy can lead to an underestimation of the copy number of components such as for Atp6 and Tim17. Fe/S, iron--sulfur cluster biosynthesis; F~o~F~1~, ATP synthase; TCA, tricarboxylic acid cycle; II/III/IV, complexes II/III/IV of the respiratory chain.See also [Figure S3](#mmc1){ref-type="supplementary-material"} and [Table S2](#mmc3){ref-type="supplementary-material"}D.

Identification of Mitochondrial Proteins and Submitochondrial Localization {#sec2.4}
--------------------------------------------------------------------------

Our high-confidence mitochondrial proteome includes 82 proteins that were previously not demonstrated to localize to mitochondria ([Table S4](#mmc1){ref-type="supplementary-material"}A). The proteome also includes 119 proteins, for which a mitochondrial annotation was inferred from high-throughput studies without further verification ([Table S4](#mmc1){ref-type="supplementary-material"}B). In addition to the presence in class 1 using stringent criteria ([Figures 4](#fig4){ref-type="fig"}A and 4B), we employed distinct experimental assays to demonstrate a mitochondrial localization for this group. A total of 58 proteins was selected for this in-depth analysis (shown in bold in [Table S4](#mmc1){ref-type="supplementary-material"}). (1) Precursor proteins were synthesized in a cell-free system, labeled with \[^35^S\]methionine and imported into isolated mitochondria; proteolytic processing and/or translocation to a protease-protected location in dependence on the mitochondrial membrane potential (Δψ) were taken as specific criteria for mitochondrial import. This includes the respiratory chain interactors Rci37 and Rci50, the coenzyme Q cluster protein Coq21, and the mitochondrial glutaredoxin-like protein Mgp12 ([Figure 4](#fig4){ref-type="fig"}C). (2) Proteins were tagged with a C-terminal green fluorescent protein (GFP), and the subcellular localization was analyzed by fluorescence microscopy. The GFP signal showed a typical elongated mitochondrial network for the selected proteins ([Figure 4](#fig4){ref-type="fig"}D). For comparison, we show the localization of the recently identified mini-ER open reading frame (ORF) Meo1 ([@bib57]). (3) We used N-terminal GFP tag libraries with native promoters ([Figure S4](#mmc1){ref-type="supplementary-material"}A) or with constitutive promoter ([Figures S4](#mmc1){ref-type="supplementary-material"}B and S4C; Tom5 as reference) ([@bib57]) to show mitochondrial localization, including the transmembrane protein (TMEM) family members Tmh11 and Tmh18 as well as Rci37 and Rci50. (4) We individually tagged 38 proteins with C-terminal protein A or hemagglutinin tags and performed biochemical subcellular fractionation ([Figures 4](#fig4){ref-type="fig"}E, [S4](#mmc1){ref-type="supplementary-material"}D, and S4E). (5) Subcellular fractionations of untagged yeast cells were subjected to MS analysis, yielding an additional dataset to corroborate the high-confidence mitochondrial proteome ([Figures 4](#fig4){ref-type="fig"}E, [S5](#mmc1){ref-type="supplementary-material"}A, and S5B; [Table S2](#mmc3){ref-type="supplementary-material"}A). Our analysis included the mitochondrial localization of Rso55 (related to spastic paraplegia with optic atrophy and neuropathy SPG55) ([Figures 4](#fig4){ref-type="fig"}C, [S4](#mmc1){ref-type="supplementary-material"}A, and S4D), a homolog of the human gene C12orf65 that was previously linked to spastic paraplegia SPG55 and associated with mitochondrial translation defects ([@bib36], [@bib46]).Figure 4Biochemical, Fluorescence Microscopy, and MS-Based Subcellular Localization Analysis of Mitochondrial Proteins(A and B) Ratio-intensity plots, as shown in [Figures 2](#fig2){ref-type="fig"}C--2F, highlighting proteins from [Tables S4](#mmc1){ref-type="supplementary-material"}A (A) and S4B (B).(C) Protein import assays with radiolabeled mitochondrial precursor proteins. +/−Δψ, mitochondria with or without membrane potential; Prot. K, proteinase K; p, precursor; m, mature form.(D) Images of yeast cells expressing GFP-tagged proteins analyzed by fluorescence microscopy. cER/nER, cortical/nuclear ER. Scale bar, 5 μm.(E) Subcellular protein profiling. Yeast strains were subjected to subcellular fractionation followed by SDS-PAGE and immunoblotting (lanes 1--4) or quantitative MS analysis (n = 4) (lanes 5--8). Shown are data for selected marker proteins (upper panel) and proteins that were only listed as ORF in the SGD and named in this study (shown in red, lower panel). Y axes of bar charts, mean of normalized MS intensities; error bars indicate SEM for n ≥ 3 and the range for n = 2. PNS, post-nuclear supernatant; PMS, post-mitochondrial supernatant; pMito, gradient-purified mitochondria.See also [Figures S4](#mmc1){ref-type="supplementary-material"} and [S5](#mmc1){ref-type="supplementary-material"}, and [Tables S1](#mmc2){ref-type="supplementary-material"} and [S2](#mmc3){ref-type="supplementary-material"}A.

To determine the suborganellar localization, we combined protease accessibility assays, in which gradient-purified mitochondria were differentially treated with detergents and proteases, with SILAC-MS ([Figure S1](#mmc1){ref-type="supplementary-material"}C; [Tables S2](#mmc3){ref-type="supplementary-material"}G and S2H). Incubation of intact mitochondria with proteinase K and trypsin ([Figure 5](#fig5){ref-type="fig"}A, sample 1 \[S1\]) leads to degradation of outer membrane proteins Tom22 and Tom20 ([Figure 5](#fig5){ref-type="fig"}B, lane 2), whereas proteins of the other mitochondrial subcompartments remain unaffected. Protease treatment of mitoplasts ([Figure 5](#fig5){ref-type="fig"}A, sample 2 \[S2\]), generated by rupturing the outer membrane with low concentrations of digitonin, leads to proteolytic degradation of intermembrane space-exposed proteins such as Pam18 and Mic12 ([Figure 5](#fig5){ref-type="fig"}B, lane 3). Matrix-exposed proteins like Mdm38 and Tim44 are only accessible to proteases upon lysis of both mitochondrial membranes by Triton X-100 ([Figure 5](#fig5){ref-type="fig"}A, sample 3 \[S3\]; [Figure 5](#fig5){ref-type="fig"}B, lane 4). SILAC-MS analysis of S1--S3 mixed with intact mitochondria (n = 3; [Figure S6](#mmc1){ref-type="supplementary-material"}A) led to signature plots for proteins of different mitochondrial subcompartments ([Figure 5](#fig5){ref-type="fig"}B, lanes 5--7). Class 1 proteins were subjected to clustering analysis, revealing three clusters specific for outer membrane proteins, intermembrane space-exposed proteins, or matrix-exposed proteins ([Figure 5](#fig5){ref-type="fig"}C; [Table S2](#mmc3){ref-type="supplementary-material"}G). Principal-component analysis of proteins in these clusters and further proteins meeting the criteria for the signature plots visualizes the data in a two-dimensional plot, showing the separation into three distinct clusters specific for individual subcompartments in good agreement with GO cellular component annotations ([Figure 5](#fig5){ref-type="fig"}D). Using the clustering analysis and signature plots, we established the submitochondrial localization of 219 proteins, for which the assignment to mitochondrial subcompartments had not been achieved previously. A total of 21 proteins were located at the outer membrane, 50 proteins were exposed to the intermembrane space, and 148 proteins were exposed to the matrix ([Figure 5](#fig5){ref-type="fig"}D, right plot; [Tables S2](#mmc3){ref-type="supplementary-material"}G and [S5](#mmc5){ref-type="supplementary-material"}E). To control the MS-based submitochondrial protein localization, we prepared mitochondria and mitoplasts from yeast strains expressing representative protein A-tagged class 1 proteins, treated both fractions with proteinase K, and analyzed them by immunoblotting. The biochemical data were in very good agreement with the MS data and confirmed the submitochondrial assignment of the selected proteins ([Figures 5](#fig5){ref-type="fig"}E, 5F, [S6](#mmc1){ref-type="supplementary-material"}B, and S6C; [Tables S2](#mmc3){ref-type="supplementary-material"}G and [S6](#mmc1){ref-type="supplementary-material"}). Comparison of our suborganellar data with previous studies targeting the outer membrane and intermembrane space proteomes ([@bib59], [@bib54]) showed substantial overlap with proteins of our high-confidence mitochondrial proteome ([Figure S6](#mmc1){ref-type="supplementary-material"}D).Figure 5Profiling of Suborganellar Localization and Membrane Topology of Mitochondrial Proteins(A and B) Protease accessibility assay. Gradient-purified mitochondria (M, S1), mitoplasts (S2), and mitochondrial Triton X-100 (TX-100) lysates (S3) were treated with proteases (proteinase K and trypsin) as indicated. (B) Samples were analyzed by SDS-PAGE and immunoblotting using antisera against marker proteins of the mitochondrial outer membrane (OM), and intermembrane space (IMS)- and matrix-exposed proteins (lanes 1--4). For submitochondrial profiling, SILAC-labeled untreated mitochondria (M) and S1, S2, or S3 were mixed and analyzed by MS (n = 3) (lanes 5--7). Y axes, mean S/M protein ratios; error bars indicate SEM for n = 3 and the range for n = 2; dotted lines, S/M ratios of 0.25. IM, inner membrane.(C) Top, k-means clustering performed based on S/M ratios of proteins (n = 3) with a ratio ≤1.1 that were present in class 1 in pure/crude experiments and showed decreasing ratios with increasing accessibility of the proteases (i.e., S1/M ≥ S2/M \> S3/M). Bottom, selected GO terms significantly enriched in each cluster.(D) Principal-component (PC) analysis of log~2~-transformed mean S/M ratios of the proteins present in the clusters depicted in (C) and further proteins meeting the criteria for signature plots. Shown are all proteins of C1--C3 (left), proteins with previous GO annotations (middle), and proteins without previous GO annotation that were assigned to mitochondrial subcompartments based on our experimental data (right). PC 1--3 account for 45.7%, 35.3%, and 19.0% of the variability in the data. Arrows point to the direction of increasing values for the different experimental conditions.(E and F) Mitochondrial sublocalization and membrane protein topology. Intact mitochondria (lanes 1 and 2) or mitoplasts (lanes 3 and 4) were treated with proteinase K (Prot. K) where indicated. Marker proteins of the mitochondrial outer (Tom70) and inner membrane (Tim23) shown in (E) belong to the fractionation of Mco8~ProtA~ ([Figure S6](#mmc1){ref-type="supplementary-material"}). Bar charts (lanes 5--7) show the corresponding S/M protein ratios. Peptide plots illustrate the topology for Tom70, Tim23 (both summarized in adjacent cartoons), and selected proteins of the high-confidence mitochondrial proteome. Plotted are S/M ratios of tryptic peptides identified in submitochondrial profiling experiments. Transmembrane segments (TMHMM prediction or according to [@bib1] for Tim23) are indicated in blue (OM) or green (IM). Y axes of bar charts and peptide plots, mean S/M ratio; dotted lines indicate S/M ratios of 0.25; error bars indicate SEM for n = 3 and the range for n = 2.See also [Figure S1](#mmc1){ref-type="supplementary-material"}C and [Tables S1](#mmc2){ref-type="supplementary-material"}, [S2](#mmc3){ref-type="supplementary-material"}G, and [S5](#mmc5){ref-type="supplementary-material"}E.

To gain insight into the membrane topology of authentic (untagged) mitochondrial proteins, we established peptide plots based on S/M SILAC ratios of the submitochondrial profiling analysis ([Figures 5](#fig5){ref-type="fig"}E and 5F). We first demonstrated the feasibility of the approach by analyzing two proteins with known topology. Tom70 contains a single transmembrane domain (TMD) near the N terminus (amino acids \[aa\] 12--29) ([@bib24]). A high S1/M ratio of the peptide N-terminal to the TMD indicated a protection from degradation when intact mitochondria were treated with proteases, whereas the low S1/M ratios of peptides C-terminal to the TMD confirmed that this part was accessible to the proteases and thus facing the cytosol ([Figure 5](#fig5){ref-type="fig"}E; [Table S2](#mmc3){ref-type="supplementary-material"}I). Tim23 contains four TMDs and an N-terminal hydrophilic domain in the intermembrane space ([@bib1]). When mitoplasts were subjected to protease treatment (S2), the peptides N-terminal to the first TMD and the peptide stretching across the fourth TMD exhibited low S2/M ratios, confirming that N and C termini were exposed to the intermembrane space ([Figure 5](#fig5){ref-type="fig"}E; [Table S2](#mmc3){ref-type="supplementary-material"}I).

We then applied this approach to proteins with unknown topology, using TMHMM predictions to reveal putative TMDs ([Figures 5](#fig5){ref-type="fig"}E and 5F; [Table S2](#mmc3){ref-type="supplementary-material"}I). Our analysis indicates that the single-spanning proteins Pth2, a peptidyl-tRNA hydrolase, and Tcd2, tRNA threonylcarbamoyladenosine dehydratase, are located in the outer membrane with a short N-terminal portion residing in the intermembrane space and the major C-terminal portion exposed to the cytosol. For Scm4, an outer membrane protein with four predicted TMDs ([@bib4]), peptide ratios suggest that both protein termini are located in the cytosol. The inner membrane proteins Aim11, Iai11, and Rci37, all predicted to have two TMDs, project both termini into the intermembrane space, whereas the single-spanning proteins Min8, Rci50, and Dpc7 show a matrix-intermembrane space orientation of their N and C termini, respectively. Information about S/M peptide ratios determined for all proteins with TMHMM prediction identified in this experiment are provided in [Table S2](#mmc3){ref-type="supplementary-material"}I.

Mitochondrial Proteins with Dual Localization {#sec2.5}
---------------------------------------------

Studies by Pines and colleagues demonstrated a dual cellular localization of several yeast mitochondrial proteins ([@bib58]). To identify further dual-localized mitochondrial proteins, we analyzed the high-confidence class 1 mitochondrial proteome by stringent criteria outlined in [Table S7](#mmc1){ref-type="supplementary-material"}, including the presence of significant amounts of a protein in both the post-mitochondrial supernatant (PMS/total ratio \> 0.5) and the mitochondrial fraction in the cellular fractionation. These criteria led to a list of 57 proteins ([Table S7](#mmc1){ref-type="supplementary-material"}).

We tested the validity of our selection approach by two means. (1) We performed a literature analysis: 30 of the 57 proteins were previously assigned to mitochondria by manual annotation (single-protein analysis). A total of 15 of these proteins was shown to possess a dual/multiple cellular localization (summarized in SGD): the copper chaperone Ccs1, which is located in the mitochondrial intermembrane space, cytosol, and nucleus; the cytosolic and mitochondrial glutathione oxidoreductase Glr1, the glycerol-3-phosphate dehydrogenase Gpd2, the protease Prd1, the flavohemoglobin protein Yhb1, the kynurenine aminotransferase Bna3, and Nif3, a protein of unknown function; the nuclear and mitochondrial DNA ligase Cdc9 and the 5′-flap endonuclease Rad27; and the cytosolic/nuclear mitochondrial tRNA metabolism-related proteins Dia4, Hts1, Mod5, Pus4, Trm5, and Vas1. (ii) We selected 11 of the further proteins from [Table S7](#mmc1){ref-type="supplementary-material"} for experimental analysis ([Figures 6](#fig6){ref-type="fig"}A and 6B). Eight candidates were previously annotated to the nucleus or cytosol, but not to mitochondria, including the tRNA metabolism-related enzymes Deg1, Smm1, and Sua5; Ymr087w, now named Pdl32 for protein of dual localization of 32 kDa; the glutathione transferase Ecm4; Meu1, which catalyzes the initial step in the methionine salvage pathway; the putative nitroreductase Hbn1; and acyl-protein thioesterase 1 (Ylr118c) ([@bib8]), now named Tml25 for 25-kDa acyl-protein thioesterase with multiple localizations ([Figure 6](#fig6){ref-type="fig"}C, upper panel). Two candidates were previously localized to peroxisomes by single-protein studies and linked to mitochondria only by high-throughput analysis: the peroxisomal matrix protein Pxp2 and acyl-CoA thioesterase Tes1 ([@bib16], [@bib30]). The thiouridine modification enzyme Tum1 was linked to the cytoplasm and to mitochondria by high-throughput analysis ([Figure 6](#fig6){ref-type="fig"}C, upper panel). For an experimental analysis, we individually tagged nine candidate proteins and controlled the proper subcellular fractionation of each resulting yeast strain manually, demonstrating a dual localization for each protein, including the presence of Pdl32 and Tml25 in both cytosol and mitochondria ([Figure 6](#fig6){ref-type="fig"}A). Seven candidate proteins were efficiently synthesized and labeled with \[^35^S\]methionine in a cell-free system, and thus their Δψ-dependent import into mitochondria could be analyzed: each protein was imported in a Δψ-dependent manner, but not processed ([Figure 6](#fig6){ref-type="fig"}B). Submitochondrial analysis by swelling followed by protease treatment demonstrated that each of these hydrophilic proteins was translocated to the mitochondrial matrix ([Figure 6](#fig6){ref-type="fig"}B). Taken together, these experiments fully support a dual/multiple localization of the 11 candidate proteins ([Figure 6](#fig6){ref-type="fig"}C, lower panel).Figure 6Mitochondrial Proteins with Dual Localization(A) Yeast strains expressing proteins with a protein A tag previously reported to localize to the cytosol, nucleus, or peroxisome were subjected to subcellular fractionation as described in [Figure 4](#fig4){ref-type="fig"}E.(B) ^35^S-labeled proteins were incubated with isolated wild-type mitochondria in the presence (+Δψ) or absence (−Δψ) of a membrane potential. Where indicated, mitochondria were subjected to hypoosmotic swelling and/or proteinase K (Prot. K) treatment.(C) Schematic representation of the previously reported subcellular localization of selected proteins (upper panel). In this study, all proteins were additionally found in mitochondria by quantitative MS ([Tables S4](#mmc1){ref-type="supplementary-material"}A and S4B) and single-protein analysis (lower panel). ‡/^∗^, subcellular localization reported from high-throughput studies/manual curation (SGD).See also [Tables S1](#mmc2){ref-type="supplementary-material"}, [S2](#mmc3){ref-type="supplementary-material"}, and [S7](#mmc1){ref-type="supplementary-material"}.

We conclude that literature analysis and biochemical characterization demonstrate a dual localization of 26 proteins selected from the list of 57 putatively dual-localized mitochondrial proteins ([Table S7](#mmc1){ref-type="supplementary-material"}), providing strong evidence for the validity of the approach.

Interaction Networks of Identified Proteins {#sec2.6}
-------------------------------------------

To obtain functional information about identified or poorly characterized mitochondrial proteins ([Tables S4](#mmc1){ref-type="supplementary-material"}A and S4B), we analyzed the organization of selected proteins in protein complexes and networks (summarized in [Figures 7](#fig7){ref-type="fig"} and [S7](#mmc1){ref-type="supplementary-material"}, and [Table S2](#mmc3){ref-type="supplementary-material"}J). For an overview, mitochondria containing tagged proteins or imported ^35^S-labeled proteins were lysed with digitonin and analyzed by blue native electrophoresis, revealing distinct high-molecular-weight complexes ([Figures 7](#fig7){ref-type="fig"}A and [S7](#mmc1){ref-type="supplementary-material"}A). Δψ-dependent formation of protein complexes demonstrates that the precursor proteins were translocated into or across the inner membrane to form a complex (shown here for Dpa10, Mco14, Dpi29, and Dpi34), whereas Δψ-independent complex formation typically points to an outer membrane/intermembrane space location (Min6, in agreement with its localization to the outer membrane \[[Figure 5](#fig5){ref-type="fig"}D; [Table S6](#mmc1){ref-type="supplementary-material"}\]).Figure 7Mitochondrial Protein Interaction Networks(A) Mitochondria isolated from indicated yeast strains were analyzed by blue native gel electrophoresis using 3%--13% (lanes 1--13) or 6%--16.5% (lanes 14--16) discontinuous polyacrylamide gels.(B) Coq21 interaction network identified by SILAC q-AP-MS (n = 2).(C--E) Rcf3, Rci37, and Rci50 interaction networks identified by SILAC q-AP-MS (n = 2 each). In addition, IgG chromatography eluates were analyzed by SDS-PAGE and immunoblotting using the indicated antisera. Load = 5% (C and D) or 0.4% (E); eluate = 100%. (D, lanes 5--14) ^35^S-labeled Yil077c was imported into mitochondria isolated from wild-type (WT) or *yil077cΔ* strains for the indicated periods at 25°C and subsequently treated with proteinase K. Where indicated (−Δψ), the membrane potential was dissipated prior to import reactions. Samples were solubilized with 1% digitonin and analyzed by blue native gel electrophoresis and digital autoradiography.See also [Figure S7](#mmc1){ref-type="supplementary-material"} and [Tables S2](#mmc3){ref-type="supplementary-material"}J and [S6](#mmc1){ref-type="supplementary-material"}.

To define interaction partners of the selected proteins, we performed SILAC labeling of wild-type yeast and yeast strains containing protein A-tagged proteins with a tobacco etch virus (TEV) cleavage site. After lysis with digitonin, interacting proteins were identified by q-AP-MS. In addition, interaction partners were analyzed by affinity purification and immunoblotting using specific antibodies. (1) Ybr230w-a, which was imported into the mitochondrial matrix in a Δψ-dependent manner ([Figure 4](#fig4){ref-type="fig"}C), specifically co-purified the coenzyme Q biosynthesis enzymes Coq4, Coq5, Coq6, Coq9, Coq11, and Cat5/Coq7 ([Figure 7](#fig7){ref-type="fig"}B), and was thus named Coq21. (2) The mitochondrial class 1 protein of 10 kDa (Mco10) is an interaction partner of the F~1~F~o~-ATP synthase, revealed by the specific enrichment of ten ATP synthase subunits ([Figure S7](#mmc1){ref-type="supplementary-material"}B). (3) Ybl059w interacted with the altered inheritance rate of mitochondria protein Aim11, the genetic interactor of prohibitins Gep7, and the high-confidence class 1 protein Mtc3 ([Figure S7](#mmc1){ref-type="supplementary-material"}C, left panel). The reverse pulldown via Aim11 similarly co-purified Ybl059w, Gep7, and Mtc3 ([Figure S7](#mmc1){ref-type="supplementary-material"}C, right panel). Both pulldowns led to the co-purification of three subunits of respiratory complex IV (Cox2, Cox6, Cox20), the mitochondrial peculiar membrane protein Mpm1, and numerous subunits of the F~1~F~o~-ATP synthase. Due to the specific interaction with Aim11, Ybl059w was named Iai11 (interactor of Aim11). The topology of Aim11 and Iai11 in the inner membrane was determined in [Figure 5](#fig5){ref-type="fig"}F. We conclude that Aim11 and Iai11 are core components of an inner membrane complex that interacts with a set of complex IV components and the F~1~F~o~-ATP synthase. (4) Tmh11 (TMEM14 homolog of 11 kDa) contains conserved GxxxG transmembrane segment interaction motifs in two of its predicted membrane anchors ([Figure S7](#mmc1){ref-type="supplementary-material"}D, alignment). ^35^S-labeled Tmh11 was imported into isolated mitochondria in a Δψ-dependent manner and assembled into a high-molecular-weight complex in the megadalton range ([Figure S7](#mmc1){ref-type="supplementary-material"}D, left panel). Tmh11 predominantly interacted with other GxxxG motif-containing mitochondrial inner membrane proteins such as the MICOS subunit Mic10, the F~1~F~o~-ATP synthase dimerization subunit e (Tim11), and Fmp10 (with unknown function) ([Figure S7](#mmc1){ref-type="supplementary-material"}D, middle panel). The matrix-facing subunits Sdh1 and Cor1 of respiratory complexes II and III also interacted with Tmh11. Remarkably, Tmh11 only co-purified Mic10, but not other MICOS subunits ([Figure S7](#mmc1){ref-type="supplementary-material"}D, right panel), suggesting that Tmh11 interacts with an inner membrane pool of Mic10 that is distinct from the MICOS complex. (5) During the preparation of this manuscript, Ybr255c-a was identified as Rcf3, a homolog of the respiratory supercomplex factor Rcf2 ([@bib44]). Our co-purification analysis agrees with the interaction of Rcf3 with Rcf1, Rcf2, and respiratory complexes III and IV ([@bib44]). In addition, we observed that Rcf3 co-purified all six subunits Mic10, Mic12, Mic19, Mic26, Mic27, and Mic60 of the MICOS complex ([Figure 7](#fig7){ref-type="fig"}C, SILAC and immunoblotting) ([@bib52]). Rcf3 may thus function as mediator between respiratory chain III--IV supercomplexes and MICOS. (6) Yil077c assembled into large blue native gel complexes that are characteristic for III--IV supercomplexes ([Figures 7](#fig7){ref-type="fig"}A and 7D, right panel), in agreement with the co-purification of Yil077c with Rcf3 ([Figure 7](#fig7){ref-type="fig"}C) ([@bib44]). Tagged Yil077c, named Rci37 (respiratory chain interacting protein of 37 kDa), co-purified subunits of complexes III and IV and additionally the subunits Afg3 and Yta12 of the inner membrane m-AAA protease ([@bib45]), followed by the prohibitin complex ([Figure 7](#fig7){ref-type="fig"}D). (7) Ykl133c co-purified subunits of respiratory complexes III and IV and was named Rci50 (respiratory chain interacting protein of 50 kDa). Rci50 shows sequence similarity to the i-AAA adaptor Mgr3 ([@bib9]). SILAC and immunoblotting analysis indeed revealed that Rci50 co-purified the i-AAA protease Yme1 ([Figure 7](#fig7){ref-type="fig"}E) ([@bib45]). Thus, Rci37 and Rci50 are interaction partners of the two inner membrane AAA proteases: Rci37 of the matrix-exposed m-AAA protease and Rci50 of the intermembrane space-exposed i-AAA protease.

Discussion {#sec3}
==========

We developed an extensive protein resource of mitochondria and mitochondria-associated fractions in baker's yeast ([Table S1](#mmc2){ref-type="supplementary-material"}). Approaches were established to classify \> 3,300 proteins into a high-confidence mitochondrial proteome ([Figure 1](#fig1){ref-type="fig"}D; [Table S3](#mmc4){ref-type="supplementary-material"}) and three distinct mitochondria-associated fractions. The resource includes the absolute copy numbers of yeast proteins under different growth conditions, substantially expanding previous studies on the absolute quantification of the mitochondrial proteome ([Figures 3](#fig3){ref-type="fig"} and [S3](#mmc1){ref-type="supplementary-material"}; [Tables S1](#mmc2){ref-type="supplementary-material"} and [S2](#mmc3){ref-type="supplementary-material"}) ([@bib7], [@bib12], [@bib19]). We characterized the subcellular and submitochondrial localization of proteins, defined an assay for determining the membrane topology of mitochondrial proteins, and identified many mitochondrial proteins with dual subcellular location ([Figures 2](#fig2){ref-type="fig"}, [4](#fig4){ref-type="fig"}, [5](#fig5){ref-type="fig"}, [6](#fig6){ref-type="fig"}, [S2](#mmc1){ref-type="supplementary-material"}, and [S4--S6](#mmc1){ref-type="supplementary-material"}; [Tables S2](#mmc3){ref-type="supplementary-material"}, [S6](#mmc1){ref-type="supplementary-material"}, and [S7](#mmc1){ref-type="supplementary-material"}).

Our high-confidence mitochondrial proteome of 901 proteins includes 82 proteins that were not assigned to mitochondria previously and 119 proteins with a previous ambiguous mitochondrial localization, providing a rich source for the identification and characterization of mitochondrial functions ([Figure 1](#fig1){ref-type="fig"}E; [Tables S1](#mmc2){ref-type="supplementary-material"}, [S3](#mmc4){ref-type="supplementary-material"}, and [S4](#mmc1){ref-type="supplementary-material"}). As proof-of-principle for the validity of the proteome and its impact for the analysis of mitochondrial functions, we performed single-protein analysis of 58 identified/ambiguous proteins and demonstrated their bona fide mitochondrial localization, including subfractionation, microscopy, and import of precursor proteins into mitochondria ([Table S6](#mmc1){ref-type="supplementary-material"}). Interaction analysis of selected proteins under native conditions revealed the high potential of the proteome for the definition of interactors of mitochondrial machineries ([Figures 7](#fig7){ref-type="fig"} and [S7](#mmc1){ref-type="supplementary-material"}; [Table S2](#mmc3){ref-type="supplementary-material"}J). We identified an inner membrane complex, formed by Aim11-Gep7-Iai11-Mtc3, that provides a link between the F~1~F~o~-ATP synthase and a subset of cytochrome *c* oxidase (respiratory complex IV) subunits. Tmh11 interacts with oligomerization-promoting subunits of MICOS and the F~1~F~o~-ATP synthase ([@bib2], [@bib3], [@bib5], [@bib39]), pointing to an interaction of Tmh11 with a special pool of the MICOS core component Mic10. We found that Rcf3 associates not only with respiratory chain supercomplexes ([@bib44]) but also with the entire MICOS complex, indicating a role of Rcf3 in linking respiratory chain and the cristae organizing system. Mco10 was found as partner protein of the F~1~F~o~-ATP synthase, and Coq21 was identified as component of the coenzyme Q biosynthesis cluster. We demonstrate that Rso55, a homolog of human C12orf65 that has been linked to spastic paraplegia with optic atrophy and neuropathy SPG55 ([@bib36], [@bib46]), is a high-confidence mitochondrial protein. A further striking example of our proteome is the observation that Rci37 and Rci50 provide a connection between respiratory chain supercomplexes and the AAA proteases of the inner membrane ([@bib45], [@bib50]). Rci37 interacts with III--IV supercomplexes and the m-AAA protease, which degrades matrix-exposed proteins, whereas Rci50 provides a link between III--IV supercomplexes and the i-AAA protease, which degrades intermembrane space-exposed proteins. These findings suggest that Rci37 and Rci50 provide a system to link respiratory chain complexes to the AAA quality control system on both sides of the mitochondrial inner membrane.

Further intriguing examples of this resource are derived from the list of dual-localized proteins, including the metalloprotease Ste23, the mitochondrial aspartyl-tRNA synthetase Msd1, the cysteinyl-tRNA synthetase Ynl247w, the folic acid biosynthesis enzyme Fol1, and the dihydrofolate synthetase Fol3 ([Table S7](#mmc1){ref-type="supplementary-material"}). The presence of the mitochondria-ER-cortex-anchor Mdm36 ([@bib17], [@bib22]) among the dual-localized proteins as well as the striking distribution of ERMES components between class 1 and class 3 of the proteome ([Figure 2](#fig2){ref-type="fig"}F) reveal the potential of this resource for the characterization of proteins that are involved in the formation of contact sites between mitochondria and other cellular membranes.

Taken together, our comprehensive analysis of mitochondria and associated fractions provides a high-confidence resource for the definition of mitochondrial functions, interaction networks, and integration of mitochondria into the cellular context.

Experimental Procedures {#sec4}
=======================

Further details and an outline of resources used in this work can be found in [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}.

Yeast Strains {#sec4.1}
-------------

All yeast strains used in this study are derived from *S. cerevisiae* BY4741, BY4742, or YPH499. For further details, see [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}.

Statistical Methods {#sec4.2}
-------------------

Proteins quantified in the crude/pure mitochondrial dataset were classified based on mean log~2~ ratios using equivalence and t tests (p value \< 0.01). Error bars in figures represent means ± SEM. For further details, see [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}.
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=================

The accession numbers for the MS raw data and result files reported in this study are ProteomeXchange Consortium: [PXD006128](pride:PXD006128){#intref0010} (subcellular profiling), [PXD006151](pride:PXD006151){#intref0015} (pure/crude dataset), [PXD006146](pride:PXD006146){#intref0020} (absolute protein quantification under different growth conditions), [PXD006128](pride:PXD006128){#intref0025} (submitochondrial profiling), and [PXD006147](pride:PXD006147){#intref0030} (q-AP-MS data) ([@bib53]).
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